Extended lift and moment, based on an extended Theodorsen function for arbitrary and constant convection velocity of wake vortices, are converted to aerodynamic work. Pure pitching oscillations, pure translational oscillations and their combinations are considered. Decrease in convection velocity of wake vortices yields an increase in aerodynamic work, thus destabilizing airfoil oscillations. Some of the available wind-tunnel data support the present theoretical predictions.
Introduction
We have well-known classical aerodynamic theories [1] [2] [3] for a two-dimensional thin airfoil oscillating in incompressible flow. The popular name, the Theodorsen function, is the synonym for them.
Recently, 4) the author extended Theodorsen's function by taking an arbitrary and constant convection velocity AU of wake vortices into account. The extension was achieved using Schwarz's method, 3) introduced in Ref. 5 . It was shown that the magnitude of AU has a serious influence on the key terms in the lift and moment expressions.
It is now necessary to examine the validity of the extended results as compared to available wind-tunnel data. Attention is focussed on aerodynamic work done by flow to the airfoil during one period of oscillation.
In §2, the extended lift and moment expressions are converted to aerodynamic work coefficients, and in §3, they are compared with wind-tunnel data. The results are summarized in §4.
Derivation of Aerodynamic Work Coefficients
The extended lift and moment expressions 4) for arbitrary convection velocity of wake vortices are reproduced below, together with the coordinates shown in Fig. 1 . Fig. 1 . Coordinates.
In these equations, C(k) is Theodorsen's function and C A (k) is a new function, both given for the vaiablek ≡ k/A. The time derivatives,ḣ,ḧ,α andα, can be converted to h and α if we assume a common factor e i ωt in h and α. Thus, replacing the underlined parts in Eqs. (1) and (2) by the following shorthand notations,
and
we obtain the non-dimensional forms of Eqs. (1) and (2) as
where
On the other hand, the aerodynamic work W is given by integrating local work done by the pressure difference between the upper and lower surfaces of the airfoil, as follows (see Appendix):
Equation (8) can be written in terms of coefficients as
The right side of Eq. (9) can be determined by substituting Eqs. (5), (6) and the following relations
Thus, we obtain the non-dimensional form of aerodynamic work,
The result of C 1 and two typical examples for C 4 are given in Fig. 2 . It is seen that a decrease in A yields a shift in C 1 and C 4 toward the unstable (> 0) side, and in some extreme cases, the curves actually enter into the positive region. Figure 2(c) shows, however, a local (k → 0) inversion in this property.
Comparison with Available Wind-Tunnel Data
In the preceding section, I deduced expressions for aerodynamic work coefficients C 1 ∼ C 4 , and C w (see Eqs. (11) and (12)). In this section, these theoretical predictions are compared with classical wind-tunnel data. For this purpose, the aerodynamic derivatives reported by Bratt, 6) Halfman, 7) and Carta 8) are converted to aerodynamic work coefficients and plotted in Figs. 3, 4 and 5, which also include present predictions.
Figure 3(a) shows C 4 based on Bratt's measurements. It is seen that the plots for no trip-wires locate along the theoretical curve for A = 0.8, while the plots for trip-wires locate along the curve for A = 0.6. Thus, the trip-wires worked to reduce A. Similar shifts of plots are seen in Fig. 3(b) , which is based on Bratt's measurements for increased mean angles of attack. Bratt's data about an elliptic-section airfoil (see Fig. 3(c) ) show, however, an apparent deviation from any predicted curve. (N.B. Data for rectangular-section cylinders 9) show larger discrepancies.) The effect of mean angle of attack is also found in Halfman's data, 7) which are reproduced in Figs. 4(a) and (b). Halfman also examined combined motions (see Fig. 4(c) ). His data are generally at slightly higher A than other reports, although the reason is unknown. (N.B. He employed an excellent measuring technique to minimize still-air reaction effect.) Carta 8) reported measurements by a pressure tapping method, which is free from still-air reaction. His data for pitching oscillation, converted to C 4 , are shown in Fig. 5 . It is clear that the plots are very close to the A = 0.8 theoretical curve. Carta presented the data by taking the average of three different amplitudes' data to improve accuracy. Trans. Japan Soc. Aero. Space Sci. Table 9 (p. 2316, the lower one).
Considerations
The trip-wires effect seen in Fig. 3(a) is acceptable if we assume that the wire-thickened boudary layers yield a larger velocity defect in the wake leading to smaller A-values. The effect of increasing the mean angle of attack, seen in Figs. 3(b), 4(a) and 4(b) , is also acceptable if we assume that the highly thickened boundary layer on the leeward surface of the airfoil works similarly as the trip-wires' case mentioned above. Any compressibility effect is, however, not taken into account.
Conclusion
A previous report 4) by the author presented extended expressions for the lift and moment acting on a thin airfoil oscillating in an incompressible flow; the extension was achieved by allowing arbitrary and constant convection velocity for wake vortices. (N.B. The parameter A denotes the non-dimensional convection velocity of wake vortices.) This time, the extended expressions were examined as compared to relatively classical wind-tunnel data. The results are summarized as follows.
(i) The extended lift/moment expressions were converted to expressions of aerodynamic work done by flow to an airfoil during one period of oscillation. That is, the aerodynamic work coefficients C 1 (for translational oscillation), C 2 & C 3 (for combined motion), C 4 (for pitching oscillation) and C w (=total aerodynamic work coefficient) were derived. Some of them are presented graphically against reduced frequency k for various values of A. A-values for actual wakes should be lower than the unity owing to the presence of velocity defect); and (c) An increase in the mean angle of attack has an effect similar to the trip-wires effect (Bratt's and Halfman's data). It should be worth while to measure the values of A in the near fields of various airfoils together with the aerodynamic derivatives based on modern measuring techniques. At the same time, the present study should be extended to transient problems.
